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Mass spectrometry, proteomics, and protein chemistry methods are used to characterize the
cleavage products of 79 kDa transferrin proteins induced by iron-catalyzed oxidation,
including a novel C-terminal polypeptide released upon disulfide reduction. Top-down
electrospray ionization tandem mass spectrometry (ESI-MS/MS) of intact multiply-charged
transferrin from a variety of species (human, bovine, rabbit, chicken) performed on a
quadrupole time-of-flight mass spectrometer yields multiply-charged bn-products originating
near residues 56–69 from the N-terminal region, in addition to their complementary
yn-products. Incubation of transferrin with reductants, such as dithiothreitol (DTT) or
tris(2-carboxyethyl)-phosphine (TCEP), yields an increase in multiple charging observed by
ESI-MS and an increase in molecular weight consistent with disulfide reduction. However,
mammalian transferrins release a 6–8 kDa fragment upon disulfide reduction. Protein
acetylation and MS/MS sequencing demonstrate that the fragment originates from the
C-terminus of the protein, and that it is a separate polypeptide linked via three disulfide bonds
to the main transferrin chain. The existence of a separate C-terminal chain is not annotated in
protein sequence databases and, to date, has not been reported in the literature. Iron-catalyzed
cleavage induces fragments originating from both the N- and C-terminus of
transferrin. (J Am Soc Mass Spectrom 2003, 14, 635–647) © 2003 American Society for Mass
Spectrometry
Characterization of complete protein primarystructure by mass spectrometry was furtheredby ionization methods such as electrospray ion-
ization (ESI) [1] and matrix-assisted laser desorption
ionization (MALDI) [2, 3]. By coupling ESI and MALDI
with mass analyzers, such as quadrupole ion trap,
time-of-flight (TOF), quadrupole TOF (QqTOF), and
Fourier transform ion cyclotron resonance (FT-ICR),
that offer improved sensitivity, resolution, accuracy,
speed, and ease-of-use, protein sequence elucidation by
mass spectrometry is accepted as a nearly routine
strategy.
Transferrins are relatively large 79 kDa serum glyco-
proteins that transport iron [4]. The primary structure is
composed of two similar lobes, the N-terminal and
C-terminal lobes, and each lobe contains a single iron
binding site. Amino acid sequences of transferrins from
several species, including human, bovine, rabbit, and
chicken, show a high degree of sequence similarity.
Collisionally activated dissociation (CAD) mass spectra
with ESI of transferrin proteins from a variety of species
was reported by Loo and Smith over one decade ago [5].
Nozzle-skimmer dissociation experiments with a quad-
rupole mass analyzer demonstrated that multiply
charged products were generated from regions near the
N-terminus. It was reported also that upon the addition
of dithiothreitol (DTT) to transferrin, a 6–8 kDa peptide
appeared to be “liberated” from the intact protein. No
literature reports describe a disulfide-linked peptide
found in transferrin proteins, as transferrin is reported
to be composed of a single 650–700 amino acid
polypeptide chain with approximately 15–19 intramo-
lecular disulfide bonds. Molecular weight measure-
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ments of the DTT-released peptides from three trans-
ferrin proteins suggested that the released product
originated from the C-terminus, but the means by
which it was generated remained unknown. Key to this
investigation is the question of whether the released
peptide arises from a heretofore uncharacterized post-
translational modification of transferrin with biological
significance, or whether it is an artifact of the iron-
catalyzed degradation occurring in the presence of
reducing agents.
Reduction of disulfide bonds by reducing agents
such as DTT and tris(2-carboxyethyl)-phosphine
(TCEP) is common, with mass determinations before
and after S™S reduction yielding the number of disul-
fide bonds [6]. Each Cys™Cys bond reduction leads to
an increase of 2 Da, or multiples of the mass of the
Cys-blocking agent if reductive alkylation is performed.
Despite the widespread use of reducing agents in
protein chemistry, dissociation of proteins into chains
following reduction is not observed often, other than for
proteins composed of disulfide-linked polypeptide
chains (e.g., insulin).
For iron-binding proteins, however, fragmentation
induced by treatment with reducing agents is well
known, and is commonly utilized to localize metal ions
in intact proteins [7–12]. Primarily observed in reducing
environments, liberated peptides or protein fragments
were revealed by 1-D gel electrophoresis, with charac-
terization of the expelled or remaining fractions
achieved by Edman degradation. The degradation re-
action has been investigated in detail, and hydroxyl
radicals were shown to release protein fragments. The
reactions leading to hydroxyl radicals are shown in
Scheme 1. Study of reactions generating radical oxygen
species such as hydroxyl radical was introduced by
Haber and Weiss [13] already in 1934 with the reaction
between superoxide radical and hydrogen peroxide
(Scheme 1). Later studies described catalysts (such as
free or chelated iron ions) needed to explain the reaction
thermodynamics [14]. An alternative strategy to gener-
ate OH was demonstrated [15], based on an interaction
between the ferrous-EDTA complex and hydrogen per-
oxide in the presence of reducing agents such as ascor-
bate or dithiothreitol. Thus, hydroxyl radicals can be
generated independent of superoxide [16]. The capabil-
ity of protein-bound iron to catalyze ROS formation for
transferrin was investigated [15, 17], but controversy
exists as to whether iron ions introduced into the
protein lobes promote the production of OH [18].
Today apo-transferrin is used in iron-binding therapy
to reduce hydroxyl radical formation [19].
Although the most practiced method for MS-based
protein sequencing combines proteolytic cleavage of the
intact protein with subsequent sequencing of the result-
ing peptide fragments by tandem mass spectrometry
(MS/MS), especially with LC-MS/MS and by MALDI-
MS/MS, there is value in the direct fragmentation of the
intact gas phase protein. This strategy can expose and
pinpoint sites of posttranslational modification and
sequence mutation. Moreover, the fragmentation pat-
tern from CAD of large proteins can generate sufficient
information for identification from sequence databases,
particularly when combined with accurate mass mea-
surements of both the intact molecule and its product
ions [20–22]. Enhanced efficiency for CAD of multiply
charged molecules [23] generates multiply charged
sequence-informative product ions from ESI-produced
gas phase ions for biomolecules as large as 66 kDa
serum albumin proteins [24]. CAD-MS of multiply
charged proteins often yield multiply charged products.
The ESI-MS/MS products from small proteins, such
as 8.6 kDa ubiquitin [25, 26] and 13 kDa ribonuclease
A [27] to larger proteins such as 29 kDa carbonic
anhydrase [26] and 66 kDa serum albumin [24], can
be interpreted as resulting from either/or the N- or
C-termini or from cleavage near proline residues,
even with data from low resolving power analyzers.
However, the determination of precursor and prod-
uct charge state is amenable to higher resolving
power instruments such as FT-ICR and QqTOF mass
spectrometers, yielding data that is interpretable un-
ambiguously [28]. This “top down sequencing” ap-
proach, as coined by McLafferty and co-workers [29],
can yield substantial sequence information by frag-
menting intact proteins directly, especially from FT-
ICR-MS armed with infrared multiphoton dissocia-
tion (IRMPD) [30] or electron capture dissociation
(ECD) [29, 31–33].
Building upon the previous top-down sequencing
study [5], the CAD top-down sequencing behavior of
human and bovine transferrin proteins and their behav-
ior upon disulfide bond reduction are investigated
further with a QqTOF mass spectrometer. Both N- and
C-terminal fragments from the proteins (apo- and holo-
transferrin) were examined upon reduction with DTT
or TCEP, and were characterized by tandem mass
spectrometry. Protein chemistry and MS methods were
used to investigate whether cleavage of transferrins
upon reduction involved iron-catalysis or liberation of a
free polypeptide chain.
Scheme 1. Iron-catalyzed redox reactions eq (1) and eq (2),
ferrous-EDTA-catalyzed redox reaction eq (3) and the Haber-
Weiss net reaction eq (4) generating hydroxyl radical. Superoxide
can be replaced by other reagents such as ascorbate or DTT, which
reduce the iron from ferric to ferrous oxidation status after
catalysis of hydrogen peroxide.
O2
   Fe33 O2  Fe
2 (1)
Fe2 H2O23 Fe
3 OH  OH (2)
Fe2 EDTA H2O23
Fe3 EDTA OH  OH (3)
O2
   H2O23 O2  OH
  OH (4)
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Experimental
Chemicals and Proteins
Ammonium bicarbonate (99%), acetic anhydride (98%),
human and bovine apo- and holo-transferrins were
purchased from Sigma (St. Louis, MO). Methanol and
acetonitrile (both HPLC grade) were obtained from
Merck (Darmstadt, Germany). Dithiothreitol was from
Bio-Rad (Hercules, CA) and tris-(2-carboxyethyl)-phos-
phine hydrochloride was supplied by Pierce (Rockford,
IL). Modified trypsin (sequence grade) was purchased
from Promega (Madison, WI).
Sample Preparation
Stock solutions of transferrins were prepared in deion-
ized water at 5 g/L. A volume of 10 L of 10 mM
DTT (in 50 mM ammonium bicarbonate) or 350 mM
TCEP-HCl was added to 10 L of each transferrin
solution. The mixtures were incubated overnight at
room temperature. After the electrophoretic separation
and visualization of transferrin degradation products,
trypsin digestion was performed in-gel according to the
protocol published by Shevchenko et al. [34]. DTT-
reduced product peptides were removed from trans-
ferrin proteins by centrifugal ultrafiltration through a
Microcon YM-30 filter at 6000 rpm for 15 min followed
by additional washes with deionized water. Transferrin
was acetylated by solving 1 nmol of protein in 20 L of
50 mM ammonium bicarbonate (pH 8) with addition
of 50 L of 30% acetic anhydride in methanol. The
reaction mixture was held at room temperature for
2 h and evaporated to dryness by vacuum centrifu-
gation at 60 °C.
Gel Electrophoresis
Approximately 10 g of the proteins treated with DTT
were loaded onto NuPage bis-tris (Invitrogen, Carlsbad,
CA) precast polyacrylamide gels (10%, 1 mm thickness),
and one dimensional gel electrophoresis was performed
under reducing conditions using 2-(N-morpholino)
ethane sulfonic acid (MES) as running buffer. The
bis-tris gels employed the NuPage formulations of LDS
sample buffer (lithium dodecylsulfate), reducing agent
(DTT), and running buffer anti-oxidant. After fixing,
staining was performed with GelCode Blue (Pierce,
Rockford, IL) stain reagent according to the recom-
mended protocol.
Mass Spectrometry
Mass spectra of chemically degraded proteins were
recorded on an Applied Biosystems (Foster City, CA)
Voyager DE STR MALDI-TOF mass spectrometer, a
QStar Pulsar-i (QqTOF) equipped with a nanoelectros-
pray (Protana, Odense, Denmark) interface and an
Agilent (Palo Alto, CA) nano-LC system interfaced to
an 1100 Series LC/MSD trap. For MALDI, sinapinic
acid (saturated solution) in 50% acetonitrile containing
0.1% TFA was used as matrix. Peptide product ion
spectra were generated by the ion trap mass spectrom-
eter and identification was accomplished utilizing the
Mascot database search engine (Matrix Science, Lon-
don, UK). Product ion spectra from intact protein
molecules were recorded by nanoelectrospray on the
QqTOF mass spectrometer using solutions of acetoni-
trile/water (1:1, vol:vol) containing 1% formic acid.
Protein solutions (1–2 L) were loaded into borosilicate
glass capillaries (Protana). Nitrogen was employed as
collision gas. The QStar Pulsar-i uses a LINAC (linear
accelerator) collision cell design that operates at approx-
imately 10 mTorr. A laboratory-frame collision energy
of 1800 V was used for the MS/MS experiments with
the intact transferrin molecules.
Results and Discussion
Mass Spectrometry and Tandem Mass Spectro-
metry of Intact Transferrins
ESI-MS of transferrin proteins generates a series of
multiply charged molecules that are consistent for a
protein of over 79 kDa (Figure 1a, measured molecular
weight for human transferrin is 79562 Da). The
polypeptide sequence codes for a molecular weight of
75.2 and 75.8 kDa for the human and bovine species,
respectively, and the remaining mass is carried by O-
and N-linked glycosylation. As reported over 10 years
ago for transferrin [5], sequence informative product
ions can be generated by increasing the energy in the
atmosphere/vacuum interface, as shown in the mass
spectra of Figure 1b and Figure 2. CAD-MS of the intact
transferrin protein yields multiply charged b-products
originating near residues 56–69 and with charges z 
4–7. Serum albumin proteins show similar behavior
upon CAD, as multiply charged b-ions from residues
25–35 are produced [24]. Transferrin proteins from
different species, such as human, bovine, rabbit, and
chicken yield similar MS and CAD-MS spectra, with the
fragmentation patterns reflecting the differences in se-
quence [5]. With an analyzer of moderate resolving
power, such as the QqTOF, product ion charge states up
to 7 can be determined directly from the spacing
between isotope peaks, as shown in Figure 1b. More-
over, with high sensitivity analyzers such as the QqTOF,
ESI-MS/MS spectra of individual transferrin charge
states can be obtained, providing data interpretation
advantages over the nozzle-skimmer dissociations of a
decade ago [5]. This capability is demonstrated in
Figure 3, with the MS/MS spectrum from 36 charged
human apo-transferrin. The same b-ions are observed
as in the CAD mass spectrum generated in the atmo-
sphere/vacuum interface (Figure 2). In addition, a
series of larger products appears at higher m/z above
the precursor molecule position. The deconvoluted mo-
lecular weights of these fragments (of charge 24 to
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30) range in size from 69–73 kDa that are consistent
for the yn-complement to the bn-products observed in
the lower m/z region of the spectrum. For example, the
products b59
6 at m/z 1065 and y620
30 at m/z 2440 are
observed as complementary product ion pairs for the
679 residue human transferrin (Figure 3). Other prod-
ucts observed that do not display complementary ions
may result from multiple fragmentation reactions [26].
As demonstrated by others, the fragmentation pattern
generated from CAD of intact proteins can be used as a
means for securing protein identity [20, 35, 36]. Consider
the CAD-MS spectrum of human transferrin displayed in
Figure 2. From the molecular masses of the product ions,
the sequence string ADAVT(I/L)DAG(I/L)VY can be
constructed (Table 1). Three internet-available protein
sequence searching programs identified the protein as
human transferrin from the forwarded sequence string:
MS-pattern (prospector.ucsf.edu/ucsfhtml4.0/mspattern.
htm) as part of the Protein Prospector suite of programs
developed by the University of California-San Francisco,
Figure 1. ESI-mass spectrum of human apo-transferrin obtained with a declustering potential of (a)
25 V and (b) 120 V. The inset in (a) shows the deconvolution mass spectrum. The inset in (b) expands
the peak at m/z 1193, revealing resolved isotopes for the b67
6 product ion.
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Peptide Search (www.narrador.embl-heidelberg.de/
GroupPages/PageLink/peptidesearchpage.html) devel-
oped by the European Molecular Biology Laboratory, and
the Rockefeller University/Proteometrics-developed Pro-
teinInfo (129.85.19.192/prowl/proteininfo.html) as part of
the PROWL software. It is likely that this strategy will be
employed more often in proteomics as MS and MS/MS
sensitivity improve for intact proteins analysis.
It is interesting to speculate on the nature of the
cleavage pattern. The N-terminal residues 1–60 appear
to be exposed based on the crystal structures for porcine
and rabbit serum transferrin (see Hall et al. [37] and
Protein Data Bank entry 1h76, www.rcsb.org/pdb/). It
is doubtful that the native structure is retained in these
gas phase experiments, because the acidic solution (pH
3) used for the ESI-MS experiments should denature the
protein. Nevertheless, elements of the higher order
structure may survive, particularly if constrained by
disulfide bridges. For human transferrin, disulfide
bonds between Cys9™Cys48 and Cys19™Cys39 may play a
role in retaining the general shape and accessibility of
the N-terminal region.
Disulfide-Reduced Human and Bovine
Apo-Transferrin
Apo-transferrins of human and bovine origin, when
exposed to reducing agents such as DTT or TCEP-HCl,
liberate protein fragments, as visualized by 1-D SDS-
PAGE, shown in Figure 4. In Figure 5, the MALDI-TOF
mass spectra of human and bovine apo-transferrin
before and after reductive degradation by DTT are
presented. For human apo-transferrin, an abundant
Table 1. Product ion masses from a CAD-mass spectrum of human transferrin
Mass 6128.01 6199.49 6314.69 6386.08 6484.88 6586.08 6699.33 6814.38 6885.40 6942.64 7055.81 7154.99 7318.51
Mass 71.48 115.20 71.39 98.80 101.20 113.25 115.05 71.02 57.24 113.17 99.18 163.52
Sequence A D A V T L D A G L V Y
Figure 2. Product ions of human apo-transferrin generated by applying a 120 V declustering
potential across the atmospheric pressure/vacuum ESI interface.
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peak at m/z 6485 is observed in addition to intense
signals for the singly and doubly charged intact protein
(m/z 79,345 and 39,784, respectively) (Figure 5b). The
sum of the C-terminal 56 amino acid residues (624–679,
Figure 6) represents a theoretical peptide of average
molecular weight 6485.4 Da, consistent with the
MALDI-MS measurement.
DTT treatment of human apo-transferrin and analy-
sis by ESI-QqTOF mass spectrometry reveals increases
in overall multiple charging and in molecular weight,
consistent for the ESI-MS of disulfide-reduced proteins
[6]. The measured molecular weight of 79,593 Da for the
reduced protein is 31 Da higher than that measured for
the oxidized protein (79,562 Da). Similarly, molecular
weights of 77,982 Da and 78,016 Da were measured for
the bovine transferrin oxidized and reduced forms,
respectively. Human transferrin has 19 disulfide bonds
and bovine transferrin has 18 disulfide bonds. A more
precise estimate of the number of disulfide bonds could
be obtained by alkylating the free thiol side-chains to
reduce the mass accuracy requirement (i.e., a mass
increase of 58 Da for generation of carboxymethylcys-
teine with iodoacetic acid for each Cys-residue). Addi-
tionally, multiply charged ions at m/z 649.5 (M 
10H)10 and 721.5 (M  9H)9 affording a calculated
mass of 6485.6 are observed (Figure 7a), consistent with
the MALDI mass spectrum. Further evidence of the
identity of the DTT-released fragment was obtained
from the product ion spectrum of the 10 charged
precursor ion (m/z 649.5), shown in Figure 7b. Abun-
dant ions could be assigned to calculated fragment
masses for the predicted C-terminal peptide of human
transferrin.
With bovine apo-transferrin (Figures 4 and 5d), the
putative C-terminal peptide liberated was significantly
more abundant than in the case of human apo-trans-
ferrin. Here, the 53 amino acid residues 633–685 (Figure
6) with a theoretical average molecular mass of 6063.0
Da were released, producing signals in the MALDI
mass spectrum at m/z 6064 (singly charged monomer)
and 12,128 (singly charged dimer). Furthermore, peaks
for the intact protein were detected at m/z 78,032 (singly
charged) and 39,085 (doubly charged), as well as for
their counterparts sans the C-terminus at m/z 71,983
(singly charged) and 35,934 (doubly charged). Higher
Figure 3. ESI-MS/MS spectrum of (M  36H)36 molecules (m/z 2211) of human apo-transferrin.
Figure 4. 1-D SDS-PAGE gel of disulfide-reduced human and
bovine apo- and holo-transferrins, stained with Coomassie Blue:
Bovine apo-transferrin [lanes (a) and b)], bovine holo-transferrin
[lanes (c) and (d)], human apo-transferrin [lanes (e) and (f)], and
human holo-transferrin [lanes (g) and (h)]. Equal amounts (10 g)
of protein were loaded onto each lane.
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precision mass spectra were recorded by ESI-QqTOF
mass spectrometry as shown in Figure 8a. The liberated
C-terminal peptide mass was determined to be 6062.9
Da and the product ion scan of the (M  8H)8
molecule at m/z 758.8 confirmed the predicted amino
acid composition (Figure 8b). In our previous studies,
disulfide reduction of 676 amino acid rabbit transferrin
liberated a peptide of measured molecular weight
7752.6 Da, consistent with a C-terminal peptide com-
posed of residues 610–676 (theoretical molecular
weight 7753.0 Da) [5]. In contrast, a similar product
from disulfide reduction was not observed from
chicken (ovo)transferrin.
Remaining unclear is the mechanism for release of
the C-terminal fragment upon disulfide reduction. Is
the C-terminal portion a separate polypeptide chain
secured to the main transferrin chain by one-to-three
intermolecular disulfide bonds (as there are three Cys
residues in the released C-terminal peptide)? No previ-
ous literature reports suggest this possibility. Alterna-
tively, iron-catalyzed fragmentation of iron-bound pro-
teins has been studied for a number of systems. Both
mechanisms were investigated for transferrin proteins.
Iron-Catalyzed Cleavage of Transferrin
The mechanism of iron-catalyzed protein degradation
has been investigated in detail, and radical oxygen
species (ROS, e.g., hydroxyl radicals) were proposed to
be the reactive agent. Thus, the influence of DTT on
iron-saturated human and bovine transferrins was in-
vestigated analogically. Aliquots of human and bovine
holo-transferrins were mixed with 10 mM DTT and
maintained at room temperature for 14 h. The resulting
MALDI-TOF mass spectra are shown in Figure 9. For
human holo-transferrin (Figure 9a), two intense signals
at m/z 13,410 and 13,567 were observed, along with the
Figure 5. MALDI-TOF mass spectra of (a) human apo-transferrin before and (b) after treatment with
DTT; (c) bovine apo-transferrin before and (d) after treatment with DTT. The 1, 2, and 3 charged
protein molecules are labeled.
Figure 6. C-terminal residues of human and bovine transferrins.
Residues highlighted in bold and underlined represent the pep-
tide released upon disulfide reduction.
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m/z 6486 signal observed from analysis of the reduced
iron-free analogue. The N-terminal amino acids 1–124
constitute a mass of 13,560 Da, terminating in Arg124,
the potential location of the counterion (bicarbonate) to
the N-terminal lobe-bound iron. Cleavage of human
transferrin either N- or C-terminal to Arg124 would
yield peptides of 13,404 or 13,560 Da, respectively,
consistent with the MALDI-TOF mass spectrum shown
in Figure 9a. To confirm the N-terminal origin of these
fragments, the sample was loaded onto a 1-D SDS-
PAGE gel and the protein fractions were separated
(Figure 4, Lane G and H). The band at 13.5 kDa was
excised, destained, and the entrapped protein was di-
gested with trypsin. The resulting peptides were ana-
lyzed by MALDI-TOF MS and LC-iontrap MS/MS,
securing the N-terminal origin of the 13.5 kDa fragment
by confirming peptides comprising the amino acid
sequences 28–41, 51–88, 89–102 and 104–113 (data not
shown). Because this fragment was not observed with
human apo-transferrin, the participation of iron in this
cleavage is likely. However, it remains still to clarify
whether the cleaved peptide bond (Arg124) and its
Figure 7. (a) ESI-MS spectrum of human apo-transferrin after treatment with DTT, and (b) product
ion spectrum of the (M  10H)10 molecule (m/z 649.5) from the released C-terminal fragment.
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match to the predicted counterion bicarbonate is bio-
logically relevant, or merely a coincidence. If the
former, the iron-catalyzed reaction would have to occur
rapidly enough that sufficient transferrin higher order
structure had been retained.
Bovine holo-transferrin treated with DTT gave rise to
the MALDI-TOF mass spectrum shown in Figure 9b.
Signal corresponding to the C-terminal fragment (ami-
no acids 633–685) known from bovine apo-transferrin
appears less intense compared to Figure 5d, but the 1-D
SDS-PAGE gel in Figure 4 (Lanes c and d) stained the
6.1 kDa band at approximately equal intensity as those
of the bovine apo-transferrin (Figure 4, Lanes a and b).
In addition, two bands at approximately 22 kDa are
observed more easily in the bovine holo-transferrin lane
compared to the bovine apo-transferrin lane. At least
three separate experiments with different sample prep-
arations confirmed that they appeared reproducibly.
That the 22 kDa band was observed from the apo-
protein (albeit at lower abundance) may reflect residual
Figure 8. (a) ESI-MS spectrum of bovine apo-transferrin after treatment with DTT, and (b) product
ion spectrum of the (M  8H)8 molecule (m/z 758.8) from the released C-terminal fragment.
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iron contamination in the protein. Excision of these
adjacent bands followed by tryptic digestion and LC-
MS/MS analysis verified peptides originating from the
N-terminal residues 50–87, 88–101, 124–133, and 137–
147, as well as two from the C-terminus (amino acid
sequences 521–529 and 652–663, data not shown), dem-
onstrating co-migration of two comparably sized pep-
tides on the 1-D gel. Here, it was not possible to specify
the cleavage sites precisely, as the determination of the
molecular weight for these fragments was not accom-
plished by mass spectrometry, but estimated only by
gel electrophoresis.
Thus, it appears that iron-catalyzed cleavage prod-
ucts can be observed upon disulfide reduction of holo-
transferrin, but the transferrin products are not the
same 6–8 kDa species as observed from apo-transferrin.
The C-terminal peptide is released in about equal
amounts with and without iron saturation for both the
human and bovine proteins. Because hydroxyl radicals
are very reactive with lifetimes of several nanoseconds
in aqueous solution, and from a radius of diffusion of
approximately 20 Å [38, 39], cleavage catalyzed by iron
should occur only in close proximity to the point of
hydroxyl radical generation, i.e., the transition metal
ion. Predicted iron-binding sites of human transferrin
(residues Asp63, Tyr95, Tyr188, His249 for the N-terminal
lobe, and Asp392, Tyr426, Tyr517, His585 for the C-termi-
nal lobe) and bovine transferrin (residues Asp62, Tyr94,
Tyr192, His253 for the N-terminal lobe, and Asp395,
Tyr430, Tyr524, His592 for the C-terminal lobe) are too
distant from the identified C-terminal cleavage sites; the
lifetime of ROS such as hydroxyl radicals does not
suffice to explain the remote position of the bonds
cleaved, were the iron still located at its position in the
native structure. The reproducible liberation from hu-
man, bovine, and rabbit transferrins (replete and de-
pleted of iron) suggests that iron, released by reduction
of transferrin, does not cause the protein degradation
responsible for the generation of the 6–8 kDa polypep-
tide.
Investigation of a C-Terminal Disulfide-Linked
Intermolecular Transferrin Polypeptide
Assuming that three cysteines within the expelled C-
terminal peptide had originally been cystine-linked to
the remaining transferrin chain, evidence for a nick in
the primary sequence prior to disulfide bond reduction
was sought. First, we confirmed that DTT treatment of
reduced full length transferrin did not release addi-
tional 6 kDa peptide. After bovine apo-transferrin was
Figure 9. MALDI-TOF mass spectra of (a) human holo-transferrin and (b) bovine holo-transferrin
after treatment with DTT. The 1 and 2 charged protein molecules are labeled.
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reduced with DTT, the 6.1 kDa fragment was filtered
out of the reaction mixture by multiple centrifugal
filtrations through a 30 kDa Microcon filter. Peptide
removal was confirmed by MALDI-MS of the retentate.
Additional treatment of DTT to the retentate (contain-
ing both full length and C-terminally truncated trans-
ferrin) did not yield additional 6.1 kDa products (data
not shown).
To obtain evidence that a separate polypeptide chain
was bound to transferrin via disulfide linkages, acety-
lation of bovine transferrin prior to disulfide reduction
was performed. By addition of acetic anhydride (in
methanol) to a transferrin solution, the primary amino
groups of lysines as well as the N-terminus of the
protein are acetylated. Were a chain interruption
present, an additional N-terminus would be introduced
into the putative polypeptide, also eligible for acetyla-
tion. The C-terminus (amino acids 633–685) of bovine
transferrin comprises six lysine residues, and thus the
molecular weight should increase by 252 Da upon
acetylation, but by 294 Da in the case of a “nick”
presenting with a second N-terminus (42 Da). ESI-MS
analysis of acetylated, disulfide-reduced bovine apo-
transferrin afforded the accurate mass of the liberated
C-terminus as 6358.6 Da, consistent with seven acetyl
groups in the released peptide. The MS/MS spectrum
of the (M  6H)6 molecule at m/z 1060.8 gave rise to b-
and y-ion series products that unambiguously demon-
strated the acetylation of a second N-terminus of bovine
transferrin (Figure 10), and that the nick was present in
a fraction of the transferrin molecules, prior to disul-
fide reduction. From the 1-D SDS gels (Figure 4) and
the ESI mass spectra (Figures 7 and 8), very rough
quantitative estimations of the C-terminally trun-
cated protein relative to the total protein amount are
5 and 30% for human and bovine transferrins, respec-
tively.
To our knowledge, the elimination of C-terminal
fragments from transferrins upon disulfide reduction
and the presence of a C-terminal peptide disulfide-
linked intramolecularly to the main transferrin
polypeptide chain have not been described in the liter-
ature, other than our original report at the ASMS
conference over 10 years ago [5]. Unidentified spots in
2-D gels or isoelectric focusing (IEF) analyses of trans-
ferrin subtypes [40–44] do not correspond to the frag-
ments found in our study. This absence might be due to
the relatively high theoretical isoelectric point values
calculated for the human (pI 7.95) and also the bovine
C-terminus (pI  8.44), as many of the IEF gels em-
ployed in those studies covered a range of pH 4–7.
However, an exhaustive examination of various com-
mercial sources and laboratory isolates of transferrins
was not performed and is beyond the scope of this
study.
Figure 10. ESI-MS/MS spectrum of m/z 1060.8 (6 charge) of the acetylated C-terminal peptide of
bovine transferrin released by DTT reduction of disulfide bonds.
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Conclusions
Transferrin proteins from a variety of species were
characterized by mass spectrometry. CAD-MS for pro-
teins as large as 79 kDa transferrins yielded sequence
informative products, albeit with limited sequence cov-
erage. However, coupled with sequence searching pro-
grams, protein identification from top-down MS se-
quencing of intact proteins was possible. The present
study highlights also the variety of tools developed and
augmented over the past 10 years, when the C-terminal
fragment of transferrin was originally observed [5].
Iron-catalyzed cleavage was investigated as potentially
responsible for generating 6–8 kDa fragments that
appeared to originate from the C-terminus upon disul-
fide reduction. Although larger molecular weight frag-
ments from both the N- and C-termini were produced
in the presence of iron, the origin of the 6–8 kDa
C-terminal products was determined to lie elsewhere,
rather from the presence of a transferrin population
with a separate intermolecular disulfide-linked
polypeptide that is released by disulfide reduction.
Truncated versions of transferrin proteins have not
been reported to date.
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